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A  linear  array  of  detonating  cord  was  used  to  simulate  a  sonir.lMpfcl.£t'v  * 
The  boom  from  such  charges  was  directed  toward  the  f ra^^^QQW^YStK^^^ 
small  avalanche  path  where  the  snow  was  unstable,  as  iiC^PcTrea  by 
natural  avalanches  in  the  area.  On  three  of  four  tests,  avalanches  were 
released  by  a  boom  of  12  pounds  per  square  foot  (60  kg  f/m^)  over- 
pressure after  withstanding  lesser  booms.  One  of  the  avalanches  had  a 
fracture  face  8  feet  1  1  inches  (272  cm)  deep. 
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It  appears  obvious  that  snow  can  become 
unstable  enough  to  be  released  by  a  sonic 
boom,  since  natural  avalanches  often  occur  with 
no  obvious  trigger.  What  is  not  known  is  the 
degree  of  instability  at  which  sonic  booms  be- 
come important  avalanche  triggers.  The  conse- 
quences of  widespread  avalanche  activity  from 
frequent  supersonic  flights  could  be  serious  in 
areas  of  concentrated  winter  sports  activity,  at 
mining  or  hydroelectric  sites,  or  along  major 
mountain  highways.  As  logical  as  the  above 
arguments  may  be,  there  are  still  few  well-docu- 
mented cases  of  avalanches  released  by  sonic 
booms  (Vivona  1970). 

Several  attempts  have  been  made  in  the 
western  United  States  to  release  avalanches  by 
supersonic  overflights  of  military  aircraft.  So  far, 
the  results  have  been  inconclusive.  In  one 
case,^  fighter  planes  were  maneuvered  to  con- 
centrate and  direct  the  boom  at  specific  targets. 
Although  a  few  avalanches  were  released,  no 
data  were  taken  on  the  overpressures,  estimated 
at  3  to  4  pounds  per  square  foot  (p.s.f.),  or  the 
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Park  Service,  during  Interagency  Avalanche  Conf.,  Santa 
Fe,  N.  Mex.,  April  1960. 


snow  conditions.  In  another  case  (Lillard  et  al. 
1965),  logistics  and  communication  problems  de- 
layed the  tests  so  long  the  snow  could  not  be 
released  by  the  booms  nor  by  artillery  fire. 

In  this  study,  conventional  explosives  were 
used  to  simulate  the  shape,  duration,  and  magni- 
tude of  the  pressure-time  trace  of  a  sonic  boom. 
Following  the  techniques  of  Hawkins  and  Hicks 
(1966),  several  strands  of  50-grain  detonating 
cord  (fig.  1)  were  arranged  to  give  a  100-milli- 
second  N-wave.  The  magnitude  of  the 
overpressure  was  measured  as  a  function  of  the 
distance  from  the  end  of  the  charge,  and  a  cali- 
bration curve  was  prepared  (fig.  2)(Mellor  and 
Smith  1967). 

Booms  were  simulated  on  two  small  ava- 
lanche paths  near  Berthoud  Pass,  Colorado. 
Although  these  paths  occasionally  avalanche 
naturally,  and  have  been  released  numerous 
times  in  the  past  years  by  explosives  tossed  on 
the  snow,  they  are  considered  two  or  three 
times  more  stable  than  several  others  in  the 
vicinity. 

During  a  test  run,  the  80-foot  (24.4-m)  long 
charge  was  suspended  beneath  a  cable  rigged 
above  the  long  axis  of  the  slide  path.  A  system 
of  pulleys  allowed  the  end  of  the  charge  to  be 
pointed  toward  the  target  area,  and  to  be  posi- 
tioned properly  for  the  desired  overpressure 
(fig.  3).  The  charge  was  detonated  by  an  igni- 
tion cap. 


1 


0     10    20   30  40  50  60   70   80  (feet) 


e 

CD 


75 

50 
40 

30 
20 

Q)  15 

I  10 


> 
O 

JSC 

D 
<U 
CL 


5 

4 

3 


2 


15.0 
100 

7.0 

50 
4.0 

3.0 

t-  2.0 

1.0 
05 


10 


10 


15 


20 


25  (meters) 


Figure  1.— Array  of  four  strands  of  50-grain  primacord 
OS  used  to  simulate  1 00-millisecond  N-wave  in  this 
study  (1  foot  =  0.305  meter). 
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Figure  4.— Sonic  boom  exposure  levels  for  routine  military 
flight  operations  (after  Crow  1  966). 


Figure  2.— Distance-overpressure  calibration  for  simula- 
tion of  1  00-millisecond  sonic  boom  (Mellor  and  Smith 
1 967).  (1  Ib/ft^  =  4.88  kg/m2  or  0.488  g/cm^  ) 
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When  avalanche  hazard  was  considered  high, 
the  more  unstable  of  the  two  slopes  was  sub- 
jected to  sonic  booms  of  3,  6,  and  12  p.s.f.  (15, 
30,  and  60  kgf/m^)  overpressure.  These  corre- 
spond roughly  to  normal,  twice  normal,  and 
four  times  normal  for  level  supersonic  flight 
(fig.  4)  (Carlson  and  McLean  1966).  If  no 
avalanche  occurred,  a  6-  to  9-pound  charge  of 
HDP-1^  was  tossed  into  the  target  area  to  test 
snow  stability  in  the  same  manner  used  in  pre- 
vious years  when  the  area  was  used  for  skiing. 
At  the  end  of  each  test,  snow  density,  ram 


Dupont  HDP-1  has  a  detonation  rate  of  24,000  feet 
per  second,  compared  to  60  percent  gelatin  which  has  a 
rate  of  16,000  feet  per  second.  The  use  of  trade  and 
company  names  is  for  the  benefit  of  the  reader;  such 
use  does  not  constitute  an  official  endorsement  or 
approval  of  any  product  by  the  U.S.  Department  of  Agri- 
culture to  the  exclusion  of  others  that  may  be  suitable. 


hardness,  and  snow  crystal  type  were 
determined. 

Three  tests  were  run  during  the  winter  of 
1969-70  and  one  the  following  winter.  The  simu- 
lated booms  on  February  5,  1970  produced  a  few 
cracks  in  the  snow,  but  no  avalanches.  A  3- 
pound  (1.36  kg)  charge  of  HDP  detonated  in 
the  target  area,  however,  did  release  a  5-inch 
(13-cm)  soft  slab  over  about  20  percent  of  the 
area.  This  test  was  run  early  in  a  storm  period 
that  produced  both  hard  and  soft  slab  avalanches, 
most  of  which  were  small  in  size  and  the  result 
of  explosive  control  action  (table  1).  The  9 
inches  (23  cm)  of  fresh  snow  reported  for 
February  4  contained  0.6  inch  (15  mm)  of  water 
and  fell  with  moderate  winds  and  temperatures 
that  had  warmed  8°  to  9°  F.  from  the  previous 
2  days  (table  2).  From  the  snow  profiles  (fig. 
5A),  it  appears  that  there  were  about  10  inches 
(25  cm)  of  new  snow  on  top  of  a  tough  layer 
that  was  probably  the  prestorm  surface  layer. 


Table  1. --Summary  of  avalanches  within  12-mile  (20  km)  radius  of  the  test  site  (test  day  is  under- 
lined; avalanches  released  by  the  booms  are  not  listed) 
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Figure  5.— Rammsonde  profiles  of  the  snow  cover  on 
test  days.   Notice  the  change   in  scale  for  port  B. 
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Figure  5.— Rammsonde  profiles  of  the  snow  cover  on 
test  days.   Notice  the  change   in   scale  for  part  B. 
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Table  2. --Weather  3  days  prior  to  each  sonic  boom  test  (date  of  the  test  is  underlined) 
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The  hand-placed  explosive  charge  released  just 
the  fresh  snow  with  a  density  of  145  kg  m~"^ 
and  a  ram  hardness  of  1  kg  or  less.  This  snow 
slid  on  older  snow  that  was  a  little  tougher 
(ram  no.  2  kg)  than  the  new  snow,  in  spite  of 
its  slightly  lower  density  (110  kg  m~"^ ). 

On  March  26,  1970,  a  major  hard-slab  ava- 
lanche was  released  by  a  12-p.s.f.  boom  after  the 
snow  had  withstood  a  6-p.s.f.  boom.  This 
avalanche  covered  the  entire  test  area  (250  by 
350  feet,  or  75  by  110  m),  had  a  fracture  face  8 
feet  11  inches  (272  cm)  deep,  and  a  few  debris 
blocks  that  measured  10  by  8  by  6  feet  (3  by  2.5 
by  2  m).  The  test  was  run  toward  the  end  of  a 
period  of  predominantly  hard  slab  activity  (table 
1).  On  March  25,  11.5  inches  (29  cm)  of  new 
snow  with  0.89  inch  (23  mm)  of  water  fell  on 
the  test  site,  accompanied  by  high  temperatures 
and  winds  that  gusted  to  50  m.p.h.  (22  m/sec). 
On  the  test  day,  precipitation  dropped  to  a 
trace,  winds  slackened  but  continued  to  gust  to 
34  m.p.h.  (15  m/sec),  and  temperature  dropped 
sharply  (table  2).  The  snow  profile  at  the  test 
site  (fig.  5B)  showed  16  inches  (40  cm)  of  new, 


soft  snow  on  top  of  about  20  inches  (50  cm)  of 
tougher  snow.  The  high  density  of  this  young 
snow  40  to  50  cm  below  the  surface  is  a  good 
indication  it  was  initial  hard  slab  (Martinelli 
1971),  most  likely  deposited  by  the  high  wind  of 
March  24  and  25.  The  fracture  produced  by  the 
boom  penetrated  the  new  snow  and  well  into 
the  older  snow  before  encountering  a  very  tough 
layer.  The  avalanche  ran  on  this  hard,  tough 
layer. 

On  April  21,  the  12-p.s.f.  boom  released  an 
8-inch  (20-cm)  soft  slab  avalanche  that  ran  about 
100  feet  (30  m)  after  3-  and  6-p.s.f.  booms  pro- 
duced nothing  but  small  surface  cracks.  Nine- 
and  six-pound  (4.1-  and  2.7-kg)  charges  of  HDP, 
detonated  in  the  area  for  safety's  sake,  gave  no 
additional  fractures  or  avalanches.  This  test  was 
made  at  the  end  of  a  moderate  cycle  of  soft 
slab  avalanche  activity  (table  1).  The  release  was 
in  fresh  snow  probably  deposited  the  day  before 
the  test,  when  9.5  inches  (24  cm)  of  new  snow 
with  a  water  equivalent  of  0.8  inch  (20  mm) 
fell  with  moderate  winds  and  warm  temperatures 
(table  2). 
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The  test  on  February  9,  1971  gave  a  small 
slab  avalanche  (130  ft  wide  by  150  ft  long  by  1 
ft  deep)  and  some  surface  cracks  in  response  to 
a  12-p.s.f.  boom.  The  3-  and  6-p.s.f.  booms  were 
not  made  because  of  mechanical  problems 
caused  by  gusty  winds.  For  the  3  days  prior  to 
the  test,  temperatures  were  low  (<  5°  F.),  pre- 
cipitation less  than  0.27  inch  (7  mm)  of  water/ 
day,  and  winds  averaged  16  to  22  m.p.h.  (7  to 
10  m/sec)  with  gusts  to  52  m.p.h.  (23  m/sec). 
Four  hard  slab  avalanches  were  released  by  ex- 
plosives on  February  6,  and  four  more  ran 
naturally  during  the  night  of  February  8  on 
avalanche  paths  near  the  test  site.  Snow  released 
by  the  boom  was  mostly  wind  deposited,  with 
densities  between  195  and  240  kg  m~^  and  ram 
hardness  of  3  to  6  kg.  This  rather  tough  soft 
slab  ran  on  a  layer  that  was  only  slightly 
harder  than  the  avalanching  snow. 

All  avalanches  released  by  simulated  sonic 
booms  required  a  threefold  to  fourfold  amplifi- 
cation of  the  overpressure  expected  from  normal 
supersonic  flights.  How  often  and  under  what 
circumstances  terrain  and  atmospheric  condi- 
tions in  the  mountains  would  give  this 
amplification  is  not  known  (Roberts  et  al.  1967, 
Cook  and  Goforth  1967).  Modeling  experiments 
have  shov/n,  however,  that  certain  terrain 
features  can  be  expected  to  amplify  peak  over- 
pressure 2  to  4  times,  and  that  amplifications  of 
8  to  12  times  normal  are  possible  (.Bauer  and 
Bagley  1970).  The  simulated  booms  released 
avalanches  only  during  periods  when  one-third 
or  more  of  the  avalanche  activity  in  the  local 
area  was  the  result  of  natural  releases. 

In  summary,  this  study  suggests  that,  during 
periods  of  frequent  natural  avalanches,  threefold 
to  fourfold  amplification  of  a  normal  sonic  boom 
can  be  expected  to  release  additional  avalanches, 
some  of  which  could  be  quite  large. 
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